1. Introduction {#sec1}
===============

The aim of tissue engineering (TE) is to create a new living tissue in vitro using a combination of biomaterial scaffolds, living tissue-specific cells, and biochemical factors.^[@ref1]^ In recent years, there has been a growing interest in the use of in vitro tissue and organoids as components for disease modeling, toxicology, and study of developmental biology.^[@ref2]−[@ref5]^ In the case of cardiac disease modeling, human-induced pluripotent stem cell (hiPSC)-derived cardiomyocytes have been used to define the electrophysiological behavior of cardiomyocytes affected by specific genetic diseases.^[@ref5]−[@ref8]^ As part of our earlier work, we reproduced the disease phenotype of genetic catecholaminergic polymorphic ventricular tachycardia in vitro and showed the proof of concept that iPSC-derived cardiomyocytes can reproduce a clinical drug response.^[@ref9]^ Furthermore, since cardiotoxicity is one of the most common causes of the drawbacks associated with many drugs, our group has been working on ways to improve methods for testing drug safety in 2D cardiac models.^[@ref10]−[@ref12]^ To produce better biomimicking disease and cardiotoxicity models, however, a transition from 2D to 3D is needed to bridge the translational gap in drug discovery from single cell or 2D studies to clinical studies. A 3D disease model enables studying more intercellular interactions compared to 2D models, especially when comparing with single-cell studies.^[@ref3],[@ref13]−[@ref15]^

Till date, the most relevant cardiac 3D cell culture systems are engineered heart tissues, the so-called Biowire, 3D bioprinted structures, and even 3D printed organs-on-chip.^[@ref15]−[@ref18]^ All of the above examples use an extracellular matrix (ECM) protein-based hydrogel scaffold, either Matrigel or gelatin methacrylate (GelMA), to support 3D cell culturing. In these studies, the focus is more on cardiomyocyte electrophysiology than on the relationship between the mechanical properties of the material and how cellular mechanotransduction affects the biological response.^[@ref19]^ Thus, more emphasis should be placed on the design and mechanical characterization of these soft biomaterial scaffolds.

To overcome the mechanical challenges of this specific biomedical application, new chemical cross-linking strategies for hydrogel production are needed. Noncovalent interactions have been used to produce hydrogels, mainly with electrostatic and hydrophobic interactions and hydrogen bonding. These hydrogels are usually relatively brittle with a narrow range of mechanical properties.^[@ref20],[@ref21]^ On the other hand, covalent cross-linking strategies have the ability to control the cross-linking density and, therefore, the mechanical properties. These strategies can result in higher elasticity, a key feature for the success of soft TE.

The cross-linking design should be chemoselective and efficient and should retain the biocompatibility of the polymer. In addition, gelation under physiological conditions could be beneficial for biomedical applications. Covalent hydrazone cross-linking is known to fulfil these requirements. Indeed, our previous studies have shown the elastic, biomimicking behavior of hydrogels obtained with this chemistry.^[@ref22]−[@ref24]^

In this work, we apply hydrazone chemistry to a combination of two well-known biopolymers in TE applications: gelatin and gellan gum (GG). Gelatin is a molecule derived from the abundant ECM protein collagen, and it is routinely used as a coating material in cardiac cell culture applications.^[@ref25],[@ref26]^ Gelatin hydrogel scaffolds can be formed by physical cross-linking, namely, thermal gelation. However, the gelation temperature is often below physiological requirements, and thus the use of these hydrogels in native form with cells is limited.^[@ref26]^ On the other hand, GG, a bacterial polysaccharide, is able to form hydrogels with tunable mechanical properties. The relatively bioinert nature of GG, however, does not support cell attachment.^[@ref21],[@ref27]−[@ref29]^ Both GelMA and methacrylated GG (GGMA) have been photo-cross-linked into hydrogels and used to encapsulate cells.^[@ref26],[@ref30],[@ref31]^ They have even been combined in a double-network hydrogel with relatively good cytocompatibility.^[@ref32]^ However, the main limitations to using this approach for the fabrication of larger 3D tissues or organs is the phototoxicity of ultraviolet (UV) cross-linking and dependence on transparency of the hydrogel components.^[@ref33]−[@ref35]^

We have explored the use of these in situ cross-linkable hydrogels as biomimicking scaffolds for 3D cardiac disease modeling. In this study, we use 3D in-house-built microscopy to demonstrate the effects of hydrogel properties on cell morphology.^[@ref36]^ Our results show substantially more elongated fibroblast cells in 3D culture inside these hydrogels and clearly indicate better cytocompatibility than many other published cell results using the same hydrogel components.^[@ref32],[@ref37]^ On the basis of our findings, we used these hydrogels in a macroscale 3D culture of hiPSC-derived cardiomyocyte aggregates for the first time. The spontaneous beating behavior of the cardiomyocytes was analyzed with our previously developed motion tracking video analysis software.^[@ref11]^ Furthermore, we demonstrate that this rational hydrogel design supports the transition from 2D to 3D without interfering with the cardiomyocyte behavior and furthers the aim toward in vitro 3D hiPSC-derived cardiac disease modeling and drug screening.

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Gelatin A from porcine skin, GG (Gelzan CM Gelrite, *M*~w~ 1000 g mol^--1^), spermidine trihydrochloride (SPD), sucrose, adipic dihydrazide (ADH), carbodihydrazide (CDH), dimethyl sulfoxide (DMSO), ethylene glycol, 1-ethyl-3-\[3-(dimethylamino)-propyl\]-carbodiimide (EDC), hydroxylamine hydrochloride, *N*-hydroxybentzotriazole (HOBt), 4-hydroxybenzaldehyde, deuterium oxide (99.9 atom % D, contains 0.05 wt % 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid, sodium salt), hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium chloride (NaCl), and sodium periodate (NaIO~4~) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dialysis membrane (Spectra/Por 12--14 kDa) was purchased from Spectrum Laboratories (Rancho Dominguez, CA, USA).

2.2. Preparation of ADH-Modified Gelatin (Gelatin-ADH) {#sec2.2}
------------------------------------------------------

First, 300 mg of gelatin was dissolved in 100 mL of water, and 3.92 g (0.225 M) of ADH was added to this solution. The pH of the reaction mixture was adjusted to 6.8. Then, 576 mg (0.03 M) of EDC and 405 mg (0.03 M) of HOBt were dissolved in 3 mL of DMSO/water (1.5:1 v/v) and added to the reaction mixture drop by drop, while keeping the pH at 6.8 with 0.1 M NaOH and 0.1 M HCl during the mixture addition and for another 4 h. Then, the reaction was continued for another 20 h. The pH was adjusted to 7, and gelatin-ADH was exhaustively dialyzed against water for 2 d. Then, NaCl was added to produce a 7% (w/v) solution, and the product was precipitated in cold ethanol (4 vol equiv). Then, the product was dissolved in water and dialyzed against water for 2 days. Finally, the solution was lyophilized through a molecular weight cutoff 12--14 kDa dialysis membrane followed by freeze-drying.

2.3. Preparation of CDH-Modified Gelatin (Gelatin-CDH) {#sec2.3}
------------------------------------------------------

First, 300 mg of gelatin was dissolved in 100 mL of water, and 3.6 g (0.4 M) of CDH was added to this solution. The pH of the reaction mixture was adjusted to 4.7 with 0.5 M HCl. Then, 575 mg (0.03 M) of EDC and 405 mg (0.03 M) of HOBt were dissolved in 3 mL of DMSO/water (1.5:1 v/v) and added to the reaction mixture drop by drop, while keeping the pH at 6.8 with 0.1 M NaOH and 0.1 M HCl during the mixture addition and for another 4 h. Then, the reaction was kept for another 20 h. Gelatin-CDH was exhaustively dialyzed against water for 2 days. Additional purification was carried out as described above followed by freeze-drying.

2.4. Preparation of Oxidized GG (GG-CHO) {#sec2.4}
----------------------------------------

GG was modified by NaIO~4~ oxidation according to the method previously reported by our group to produce GG-CHO at the modification degree of 25%.^[@ref22]^

2.5. Polymer Characterization {#sec2.5}
-----------------------------

To confirm the presence of hydrazide functionality, 20 mg of gelatin-ADH or gelatin-CDH was treated with 10 mL of 4-hydroxybenzaldehyde (20 mg mL^--1^) in distilled water for 24 h at room temperature. The product was dialyzed and lyophilized as described above and analyzed by nuclear magnetic resonance (NMR) spectroscopy. All experiments were measured with a Jeol JNM-ECZR 500 MHz NMR spectrometer (Tokyo, Japan). The samples (5 mg) were dissolved in deuterium oxide (600 μL) containing an internal standard (0.05 wt % 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid, sodium salt). The samples were measured at 40 °C. The relative substitution was calculated by comparing the integral of the lysine amino acid peak at δ 3.0 ppm to the aromatic proton peak of 4-hydroxybenzaldehyde at δ 7.6 ppm. The presence of aldehyde groups in GG-CHO was qualitatively evaluated using Fourier transform infrared (FTIR) spectroscopy. FTIR-spectra from the GG-CHO polymer was measured on a PerkinElmer Spectrum One attenuated total reflection--FTIR spectrometer (Waltham, MA, USA) in the spectral range of 400--4000 cm^--1^.

2.6. Hydrogel Preparation and Characterization {#sec2.6}
----------------------------------------------

Modified gelatins and GG-CHO solutions were prepared separately by dissolving each polymer in an aqueous solution of 10% (w/w) sucrose or in Dulbecco's modified eagle medium (DMEM), as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Before the hydrogel preparation, the gelatin polymer solutions were filtered using a Whatman FP 30/0.2 CA-S sterile filter (Thermo Fisher Scientific, MA, USA) at 37 °C, and the GG solutions were filtered using a Sterivex-GP 0.22 μm Millipore Express (polyethersulfone) sterile filter (Merck Millipore, MA, USA) at 60 °C. The solutions were kept at 37 °C, and then equal volumes (1:1) of the solutions were mixed for a few seconds by pipetting. The F7-SPD bioamine-GG compositions were prepared as stated previously^[@ref21]^ with 1.5 wt % of SPD cross-linker per GG and used as the negative control.

###### Formulation of Hydrazone Cross-Linked Hydrogels Based on Gelatin and GG

                                 gelation medium   
  -------- --------------- ----- ----------------- ----
  F1-ADH   gelatin-ADH     40    \+                 
           GG-CHO          40                       
  F2-ADH   gelatin-ADH     40    \+                 
           GG-CHO          30                       
  F3-ADH   gelatin-ADH     40    \+                 
           GG-CHO          20                       
  F4-CDH   gelatin-CDH     60                      \+
           GG-CHO          60                       
  F5-CDH   gelatin-CDH     60                      \+
           GG-CHO          40                       
  F6-CDH   gelatin-CDH     40                      \+
           GG-CHO          40                       
  F7-SPD   unmodified GG   5     \+                 
           SPD             0.5   \+                 

2.7. In Vitro Hydrogel Degradation {#sec2.7}
----------------------------------

For in vitro degradation tests, 500 μL of hydrogels were formed in Eppendorf tubes. A solution of 10 U mL^--1^ of collagenase II (Sigma-Aldrich, St. Louis, MO, USA) was added to the tubes, and aliquots were collected at the indicated time points and refreshed with fresh enzyme solution. The fluorescamine (Sigma-Aldrich, St. Louis, MO, USA) test was used to determine the presence of gelatin in the collected samples using a QuantaMaster PTI spectrofluorometer (Photon Technology International, Inc., Lawrenceville, NJ, USA) (excitation 390 nm, emission 465 nm).

2.8. Mechanical Characterization {#sec2.8}
--------------------------------

Hydrogel samples were prepared in custom-made polydimethylsiloxane (PDMS) molds with a diameter of 12 mm and a height of 6 mm and tested at the earliest 2 h after gelation. PDMS was fabricated from the SYLGARD 184 base polymer and a curing agent (10:1, w/w, SYLGARD 184, Dow Corning, USA), acquired from Ellsworth Adhesives AB (Sweden). Mechanical testing was performed, as we have previously described in detail, using a BOSE ElectroForce BioDynamic 5100 machine equipped with a 225 N load sensor and Wintest 4.1 software (Bose Corporation, Eden Prairie, MN, USA).^[@ref21]^ Unconfined compression was performed with a constant 10 mm min^--1^ strain rate until 75% strain of the original height was reached. The fracture point was seen as a clear drop in the stress--strain curve.

To obtain a relevant reference for our hydrogel's biomimicry of the tissue, we used the compression testing data from fresh heart tissues of New Zealand white rabbits, based on our previous results.^[@ref22]^ The compression samples were cut from both the left and right heart ventricle, compressed in the direction perpendicular to the beating direction, and pooled together. The rabbit tissues were obtained from animal experiments conducted at the Tampere University Medical School.

Statistical analysis of the mechanical testing data was performed by SPSS Version 25.0 (IBM SPSS Statistics for Windows, NY, USA). The data were presented as mean ± standard deviation. One-way analysis of variance was performed with a confidence level of 95%. *P* values less than 0.05 were considered as statistically significant. Pair comparisons of data were done with the Tukey post-hoc test to identify significant differences between the hydrogel formulations.

2.9. Fibroblast Hydrogel Cell Culture {#sec2.9}
-------------------------------------

The commercial human lung fibroblasts (WI-38, Culture Collections, Public Health England, United Kingdom) were cultured and expanded in Nunc T75 culture flasks (Thermo Fisher Scientific, USA) with DMEM/Ham's Nutrient Mixture F-12 (F-12 1:1; Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS; South American Origin, Biosera, Finland) and 50 U mL^--1^ penicillin/streptomycin (Pen/Strep; Thermo Fisher Scientific, USA). For cytocompatibility testing, fibroblasts were detached from the culture flask via trypsin (Lonza, Basel, Switzerland) treatment and then counted and plated with 30 000 cells cm^--2^ under 2D conditions and with 300 000 cells mL^--1^ under 3D conditions. To test the cytocompatibility of the modified gelatin, separate cell culture wells were dip-coated with gelatin-ADH or gelatin-CDH (40 mg mL^--1^) with 1 h incubation at 37 °C.

Hydrogel cell cultures were conducted both on top of the hydrogel (2D) and encapsulated inside the hydrogel (3D), with all hydrogel compositions listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. In the 2D experiment, the hydrogel was cast in the well plate 20 min before the cells were plated on top. In the 3D experiment, 30 μL of cell suspension was mixed with gelatin-ADH or gelatin-CDH and GG-CHO simultaneously during gelation to form a total of 330 μL of hydrogel. Cell culture medium was applied on top of the samples after ∼20 min of gelation time. Unmodified gelatin coating was used as a control in all cell experiments. All coating and hydrogel cell tests were done on a Greiner CELLSTAR 48-multiwell plate (Sigma-Aldrich).

After 3 and 7 days of culturing, the samples were stained with a Live/Dead (Thermo Fisher Scientific, USA) cell viability kit. The fluorescent calcein-AM (at 0.2 μM) stains intact cells green, and ethidium homodimer-1 (at 1.0 μM) stains dead cells red. After 1 h of incubation at room temperature with a rocker, the cells were imaged with an Olympus IX51 inverted microscope and an Olympus DP30BW digital camera (Olympus, Finland). Staining concentrations were double that recommended by the kit instructions to allow for faster diffusion under 3D hydrogel conditions. During wide-field microscopy, the 3D position in the middle of the hydrogel was verified by using the 2D cell control at the well-plate bottom as a reference point and changing the focus distance accordingly.

The cell numbers were quantified using ImageJ (Version 1.39, US National Institutes of Health, Bethesda, MD, USA)^[@ref38]^ particle counting algorithm based on at least three parallel Live/Dead stained images taken with 4× magnification from all studied conditions. Fibroblast viability percentage was calculated from the detected live and dead cell area according to the following equation

2.10. Optical Projection Tomography Imaging {#sec2.10}
-------------------------------------------

An in-house built optical projection tomography (OPT) system in transmission mode was used for imaging cells encapsulated in the hydrogel to visualize the 3D morphology of fibroblasts under selected hydrogel conditions.^[@ref36],[@ref39]^ Cell cultures were prepared in fluorinated ethylene propylene tubes with water matching the refractive index and submerged inside a cuvette filled with water for imaging. All OPT samples were imaged after 7 days of culture. A white light-emitting diode source (Edmund, USA) was used to illuminate the sample. The transmitted light was detected by a 5× infinity-corrected objective (Edmund, USA) with a numerical aperture of 0.14 and imaged with a sCMOS camera (ORCA-Flash 4.0, Hamamatsu, Japan). The sample was rotated 360° while a total of 400 projection images were captured at 0.9° intervals. 3D reconstruction was computed in MATLAB from projection images using standard filtered back-projection algorithm.^[@ref36]^ Visualization in 3D was done in Avizo software (Thermo Fisher Scientific, Waltham, MA, USA).

2.11. Cardiomyocyte Differentiation {#sec2.11}
-----------------------------------

The Ethics Committee of Pirkanmaa Hospital District gave approval to conduct research on hiPSC lines (Aalto-Setälä R08070). The hiPSC line UTA.04602.WT was cultured and characterized at the stem cell state, as previously described.^[@ref40]^ The cardiomyocyte differentiation was done by modulating Wnt signaling with small molecules, according to the protocol published by Lian et al. 2012.^[@ref41]^ In short, differentiation was initiated by plating 700 000 hiPSCs/well in a Nunc 12-multiwell plate (Thermo Fisher Scientific, USA) in feeder-free condition on Geltrex-coating (Thermo Fisher Scientific, USA) in mTeSR1 medium (STEMCELL Technologies, Canada) supplemented with 50 U mL^--1^ Pen/Strep for 4 days. Ten days after initiation, the medium was changed to RPMI (Thermo Fisher Scientific, USA) supplemented with B27(−insulin) (Thermo Fisher Scientific, USA) and 50 U mL^--1^ Pen/Strep. During this time, on day one, 8 μM CHIR99021 (REPROCELL, United Kingdom) was applied to the cells. After 24 h, CHIR99021 was removed. On day3, 5 μM IWP-4 (R&D Bio-Techne, USA) was added for 48 h. From day 10 onwards, B27(−insulin) was changed to B27(+insulin) (Thermo Fisher Scientific, USA), and the cells were cultured in this medium until they were used for the hydrogel experiments.

2.12. Cardiomyocyte Hydrogel Cell Culture {#sec2.12}
-----------------------------------------

After differentiation, beating cardiomyocyte areas were cut with a scalpel under a microscope and collected. Then, the aggregates were partially dissociated to loosen the cell-to-cell bonds inside the aggregate and to better allow the attachment on the hydrogel. Dissociation was modified from the study of Ahola et al. 2014.^[@ref11]^ The enzymatic dissociation buffers were applied to the cells incubated at 37 °C: First buffer for 45 min, second buffer for 15 min, and third buffer for 10 min, but no mechanical dissociation was done. The gentle dissociation treatment loosens the cardiomyocyte aggregate and makes it more susceptible to attach on to the hydrogel surface. Four aggregates were plated per well with all coating and hydrogel preparations (2D and 3D), as described above for fibroblasts. Cells were cultured with KnockOut-DMEM medium (Thermo Fisher Scientific, USA) supplemented with 20% FBS, 1% nonessential amino acids (Cambrex, NJ, USA), 2 mM GlutaMAX (Thermo Fisher Scientific, USA), and 50 U mL^--1^ Pen/Strep. The medium was changed every 3 days, always 1 day before analysis, and the cells were cultured for 7 days maximum.

2.13. Analysis of Cardiomyocyte Hydrogel Cell Culture {#sec2.13}
-----------------------------------------------------

The cardiomyocyte cultures were primarily analyzed by phase contrast microscopy using a Nikon Eclipse TS100 (Nikon Corporation, Japan) microscope with a Nikon accessory heating plate, and monochrome 8-bit videos were acquired with an Optika DIGI-12 (Optika Microscopes, Italy) camera. The video recording of beating cardiomyocytes was done with the same setup using 60 frames per second, recording for 30 s. The beating is temperature sensitive, and our measurement setup has been previously verified to be at 37 °C inside the well plate.^[@ref42]^ The videos were analyzed with BeatView software.^[@ref11]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows a representative beating pattern of a cardiomyocyte aggregate.

![Beating pattern of cardiomyocyte aggregate in F4-CDH hydrogel as an example of the BeatView analysis. This is the same aggregate as in [Video S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_009.avi). Graph (a) shows regular beating rhythm; (b) shows the breakdown of a single beat into relaxed state (1) and contracting (2) and relaxing (3) movements.](am8b22343_0001){#fig1}

Additionally, the cardiac nature of the differentiated cardiomyocytes was verified using real time polymerase chain reaction (RT-PCR), qPCR, and immunocytochemical staining. For PCR, the total RNA from the cardiomyocyte aggregates in the hydrogel was isolated using the Qiagen RNeasy kit (Qiagen, Germany) after 2 weeks in culture. For the RNA extraction, the culture medium was removed, and the hydrogel was washed in phosphate-buffered saline (PBS) briefly three times. The cardiomyocyte aggregates in the hydrogel were cut with a scalpel under a microscope and collected in a microcentrifuge tube. The hydrogel surrounding the cluster was partially digested by adding 100 μL of pronase solution (stock 10 mg mL^--1^ in water, Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37 °C for 5 min with mild shaking. The digested hydrogel solution was then added directly to the RNeasy lysis buffer and homogenized, and RNA was extracted according to the manufacturer's instructions. DNase I-treated total RNA was reverse-transcribed using a high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). The cDNA was amplified by the TaqMan Universal Master Mix (Applied Biosystems) using the BioRad CFX384 real-time PCR detection system. Samples were analyzed in triplicates, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for normalization of expression levels of individual genes, which was calculated by the ΔΔ*C*~T~ method.^[@ref43]^ TaqMan assays used in the qPCR protocol are presented in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_001.pdf).

Immunocytochemical staining was done with the previously reported, optimized protocol for 3D cell culture.^[@ref21]^ In brief, cultures were fixed with 4% paraformaldehyde for 30 min. After a brief wash in PBS, nonspecific staining was blocked with 10% normal donkey serum (NDS), 0.1% Triton X-100, and 1% bovine serum albumin (BSA) (all from Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h in room temperature, followed by another wash in 1% NDS, 0.1% Triton X-100, and 1% BSA in PBS. Then, a combination of primary antibodies, troponin T (1:1750) from goat and α-actinin (1:1250) from mouse, dissolved in 1% NDS, 0.1% Triton X-100, and 1% BSA in PBS, was applied to the cells and incubated at 4 °C for 2 days. The samples were washed three times in 1% BSA in PBS (first 5 min, followed by 2 × 1 h) and then incubated for 2 days at 4 °C with Alexa Fluor 488 conjugated to donkey anti-mouse (1:800) and Alexa Fluor 568 conjugated to donkey anti-goat (1:800) in 1% BSA in PBS. The samples were washed three times (first 5 min, followed by 2 × 1 h) in PBS. As the last step, 4′,6-diamidino-2-phenylindole (DAPI) for nuclei staining was applied at 1:2000 concentration in 1% PBS, and the samples were stored light-protected at 4 °C. The cells were imaged with an Olympus IX51 inverted microscope and an Olympus DP30BW digital camera (Olympus, Finland) similar to Live/Dead stained fibroblasts.

3. Results and Discussion {#sec3}
=========================

3.1. Modification of Biopolymers {#sec3.1}
--------------------------------

To form hydrazone cross-links between GG and gelatin, we hypothesized that hydrazide groups could be introduced to the gelatin backbone to form cross-links with the aldehyde groups generated in the GG molecule ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Our results show that the carboxylic group present in the gelatin molecule can be modified with ADH or CDH, and the modifications were confirmed by ^1^H NMR spectroscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The spectra of gelatin-ADH and gelatin-CDH after the derivatization with 4-hydroxybenzaldehyde shows the appearance of protons at δ 6.9 ppm and δ 7.6 ppm, compared with unmodified gelatin, and indicates the presence of hydrazide groups available for the cross-linking process. The integrated intensity of these protons was much higher for gelatin-CDH (0.7) than for gelatin-ADH (0.1). In addition, the peak at δ 7.3 ppm, corresponding to phenylalanine amino acid, increased in gelatin-CDH (1.0) compared with gelatin-ADH (0.6) because of the contribution of the aromatic group in 4-hydroxybenzaldehyde. As a reference, we used the amino acid lysine with a signal at δ 3.0 ppm. The degree of modification of gelatin-CDH was slightly higher than that of gelatin-ADH. This was likely due to the formation of bonds between two molecules of gelatin generating an adduct.^[@ref44]^ On the other hand, GG was modified through periodate oxidation (GG-CHO), and the presence of aldehyde groups was corroborated by FTIR, where a typical aldehyde shoulder was detected at 1733 cm^--1^, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_001.pdf).^[@ref22]^

![(a) Chemical modification of gelatin carboxylic groups with hydrazide molecules ADH (provides 10-atom bridge) and CDH (provides 5-atom bridge). (b) Periodate oxidation of vicinal diols in GG. (c) Hydrazone cross-linking reaction between gelatin-ADH/CDH and GG-CHO. (d) ^1^H NMR-spectra of nonmodified gelatin, gelatin-ADH, and gelatin-CDH modifications. The arrows highlight the appearance of aromatic protons in gelatin-ADH and gelatin-CDH spectra after the coupling reaction of CDH and ADH with 4-hydroxybelzandehyde. Chemical modification was successful based on the appearance of extra peaks.](am8b22343_0002){#fig2}

3.2. Gelatin-GG Hydrogel Preparation {#sec3.2}
------------------------------------

Hydrazide-modified gelatins and oxidized GG (GG-CHO) form hydrazone bonds that are capable of creating a hydrogel under physiological conditions without any external energy, cross-linkers, or catalysis. To obtain self-standing hydrogels with adequate mechanical properties, several volume ratios and polymer concentrations were tested. The detailed hydrogel formulations obtained and studied in this work are described in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} in the [Experimental Section](#sec2){ref-type="other"}. Briefly, formulations of F1--F3-ADH are composed of gelatin-ADH and GG-CHO, and formulations of F4--F6-CDH are composed of gelatin-CDH and GG-CHO. In general, poor gelation was shown by concentrations below 20 mg mL^--1^ (2%) of gelatin-ADH and 30 mg mL^--1^ (3%) gelatin-CDH. Forming the gels with components of equal concentration, the volume ratio 1:1 yielded the best gelation. When the ratio was changed by increasing the volume of the gelatin component, the gels became very weak. The maximum amount of gelatin required to produce a true hydrogel was 60% w/w in polymer weight, which was achieved with gelatin-CDH because of the higher modification degree compared with gelatin-ADH. The gelatin-ADH or gelatin-CDH with GG-CHO components form a sticky and true gel within seconds. Complete gelation is reached within 5 min for F1--F3-ADH and within 10 min for F4--F6-CDH.

Cross-linking of GG with calcium ions and PBS or DMEM to make covalently cross-linked hydrogels that are mechanically robust has been extensively explored.^[@ref27]^ However, these cross-linking methods lack cytocompatibility. Here, with the inclusion of gelatin, it is expected that the cell interaction with the material will improve significantly because of the natural cell adhesion motifs (e.g., RGD) and the matrix metalloproteinase-mediated degradability present in gelatin.^[@ref45]^ The simplicity of this cross-linking method provides the opportunity to control the mechanical properties, for example, by adjusting the ratio or concentration of the polymers in the system.

Our approach simplifies hydrogel formation relative to other gelatin cross-linking schemes because it does not require high ion concentrations, varying temperature during gelation, or UV light and enables gelation under mild, physiological conditions.^[@ref31],[@ref46],[@ref47]^ In general, we can state that our hydrogel production method using simple casting is an easier and biologically safer way to produce 3D culture substrates for cardiomyocytes than many of the other published methods. For example, even though the layer-by-layer technique described by Amano et al. 2016 produces well-controlled 3D structures, it requires longer fabrication times per sample.^[@ref48]^ Moreover, the Biowire method by Nunes et al. 2013 requires a special, custom-made mold to retain the weak hydrogel until the cells produce their own ECM, and even more complex molds are required for the microphysiological system reported by Mathur et al. 2015.^[@ref16],[@ref49]^ In contrast, our self-supporting hydrogel can be cast, or even injected, in many different shapes for 3D cell encapsulation. Moreover, it could replace the Matrigel or GelMA used in the aforementioned 3D cardiomyocyte culture systems.^[@ref16],[@ref48],[@ref49]^ For future cardiac drug-screening studies, however, a high throughput study setup suitable for our gelatin-GG hydrogel would be cell-encapsulating droplets that can be studied optically and electrophysiologically, as suggested by Oliveira et al. 2016.^[@ref50]^

3.3. In Vitro Hydrogel Degradation {#sec3.3}
----------------------------------

To evaluate the degradation profile, the hydrogels were incubated at 37 °C in collagenase (10 U mL^--1^) solution for 56 h, and sample aliquots were periodically taken. The presence of gelatin was evaluated by fluorescence. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the degradation profiles of the hydrogels. The concentrations used for the ADH or CDH formulations did not show any significant differences within either chemistry type, but the degradation rate of CDH hydrogels showed a clear difference when compared with ADH hydrogels. As expected, the degradation rate decreased with F4--F6-CDH hydrogels, whereas the different degradation observed between the hydrogels based on CDH or ADH may be attributed to an increased number of cross-links (covalent and ionic) in F4--F6-CDH. Compared with the previously developed gelatin-based hydrogels exposed to similar concentrations of collagenase, our CDH gelatin-based hydrogels showed better resistant to collagenase, albeit they have been shown to be less resistant than GelMA-based hydrogels.^[@ref51],[@ref52]^ This lack of resistance is due to the higher cross-linking density of GelMA, which is not always beneficial for nutrient diffusion and cell spreading.

![Degradation profiles of the tested hydrogels incubated with collagenase for 56 h. Values represent the mean and standard deviation. Sigmoidal curve fits were applied to the data.](am8b22343_0003){#fig3}

3.4. Mechanical Properties of Hydrogels {#sec3.4}
---------------------------------------

Mechanical characterization of these hydrogels was carried out as uniaxial compression testing at a compression rate of 10 mm min^--1^ under ambient conditions. The sticky characteristic of the specimens meant that they had to be cut out from their PDMS molds, and their difficult handling likely decreased the repeatability of some of the specimens.

As fresh, healthy human heart tissue is not easily available for mechanical testing, many different mammalian tissues have been used in the literature for the determination of the mechanical properties of the tissue, and we chose to use rabbit heart as the reference as it was readily available.^[@ref53]−[@ref55]^[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the representative stress--strain curves of the measured gelatin-GG hydrogel compositions and compares them with the fresh rabbit heart muscle.^[@ref22]^ All samples were initially very easily deformed, but the strain-hardening behavior of gelatin-CDH-based hydrogels and rabbit heart is remarkably similar and occurs at the same strain values of over 40%. The gelatin-ADH-based hydrogel's strain hardening effect is smaller and occurs at even higher strains than with gelatin-CDH-based hydrogels. Because the chemical modification does not affect the groups available for ionotropic cross-linking in GG, extra cross-linking was expected to occur in gelatin-CDH-based hydrogels as they were produced in DMEM/F-12.

![Representative stress--strain curves of the different hydrogel compositions and the rabbit heart tissue. (a) All representative curves with stress range 0 to 40 kPa. (b) Extended graph with the stress scale up to 450 kPa to highlight the similarities between F5-CDH and rabbit heart tissue. (c) Compressive moduli of the hydrogels compared to the rabbit heart. (d) Fracture strain and strength measured by compression testing. The *y*-axis on the left and the dark gray bars show the fracture strain relative to the original sample height. The *y*-axis on the right and the light gray bars show the fracture strength. In (c) and (d), *n* = 5; \* = significantly different from other formulations at *p* \< 0.05.](am8b22343_0004){#fig4}

The gelatin-ADH-based hydrogels had a fracture strength of 23 to 27 kPa, whereas F6-CDH had a fracture strength of 97 kPa and F5-CDH of even over 300 kPa, as can be seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. All tested compositions exhibited fracture between 60 and 75% strains, indicating high elasticity. For both modifications, the highest strength hydrogel was the composition with an uneven amount of gelatin to GG-CHO (F2-ADH and F5-CDH). This indicates that not all cross-linking points are used in compositions with even concentrations of both components; thus additional cross-linking occurs with the increase of hydrazide groups. Meanwhile, the increase in GG-CHO enhances the stability of the hydrogels but also makes the hydrogels slightly more brittle.

In the literature, the mechanical properties of hydrogels are too often intermixed, and the exact same parameters are not compared. For example, in the case of viscoelastic materials, different compression rates affect the material response, and in consequence, elastic regions are being defined differently.^[@ref20],[@ref56]^ Thus, we only compared our results with previous results from unconfined compression at 10 mm min^--1^ strain rate. When comparing the current gelatin-GG hydrogels with our previously published bioamine-GG, hyaluronic acid-GG hydrazone, and plain hyaluronic acid hydrazone hydrogels, the gelatin-ADH-based hydrogels more closely resemble the hyaluronic acid-based hydrogels.^[@ref21]−[@ref23]^ The bioamine-GG, such as F7-SPD, is rather brittle in comparison to any hydrazone cross-linked hydrogels, with fracture occurring already at 35% strain. The cross-linking chemistry in all of these materials is the same and consistently produces similar mechanical behavior. This shows that the exact biopolymer concentration has only a minor effect on the mechanical behavior, whereas the chemistry used (ADH or CDH) determines the mechanical properties. At the same polymer concentration, F6-CDH is stronger than F3-ADH. However, F5-CDH has more than a 10-fold increase in fracture strength and a 2-fold increase in compressive modulus, compared to other CDH formulations, and thus substantially higher strain-hardening behavior while still being very elastic and compliant until 40% strain.

One clear effect of changing to hydrazone cross-linking from our previous ionotropic bioamine cross-linking of GG was the change in the compression behavior from being rather brittle to highly elastic. This change in compression behavior was accompanied by an increase in the fracture strength.^[@ref21]^ In cardiac TE, the mechanical properties of the growth substrate affect the spontaneous beating of cardiomyocytes.^[@ref57],[@ref58]^ In the case of a very rigid polystyrene substrate, the standard 2D well plate, the upper part of the cell is free to move, allowing for the unconstrained beating of the cell.^[@ref11]^ For 3D matrices, however, the cell is in contact with the surrounding scaffold material in all directions. As a result, the constant spontaneous beating of the cell while encapsulated could be prevented, if the hydrogel is not elastic and compliant enough, whereas a biomimicking hydrogel could support cell differentiation and further maturation.^[@ref57],[@ref58]^

One of the earliest reports about increasing hydrogel strength by blending GG with gelatin is from US patent 4 517 216.^[@ref46]^ However, the patent is aimed at food applications and requires heating the components to 80 °C, which clearly exceeds the range suitable for cell encapsulation applications.^[@ref46]^ More suitable gelatin-GG hydrogels for cell encapsulation have been presented by Shin et al. 2012 and Melchels et al. 2014, both using GelMA that requires UV cross-linking. Both groups show a significant increase in the hydrogel fracture strength by the addition of GG to GelMA.^[@ref32],[@ref59]^ Shin et al. also describe a similar elasticity and strain hardening effect as shown for our hydrogels in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.^[@ref32]^ When compressed alone, GelMA has higher fracture strength and strain than our strongest hydrogels, whereas GGMA alone is clearly more brittle and has lower fracture strength than our hydrogels.^[@ref31],[@ref32],[@ref37],[@ref60]^ By combining GelMA and GGMA into a double-network GelMA-GGMA hydrogel with double the polymer concentration of ours, the fracture strength and strain are increased even further.^[@ref32]^ Wen et al. 2014 present another double-network hydrogel composed of GG and gelatin that utilizes enzymatic cross-linking instead of UV.^[@ref61]^ They report tensile, but not compressive, mechanical test results, and the measured values of fracture strength and strain are in the same range as ours, if tested without the initiation of a double network by Ca^2+^ addition. With the double network, their highest concentrations produced higher strength and elasticity than ours.^[@ref61]^

3.5. Cell Culture Studies {#sec3.5}
-------------------------

### 3.5.1. Hydrazide-Modified Gelatin Cytocompatibility {#sec3.5.1}

First, native and modified gelatins (gelatin-ADH and gelatin-CDH) were used as coating at 40 mg mL^--1^ for seeding human lung fibroblast WI-38 cells to test the cytocompatibility. The WI-38 cell line was chosen for this purpose based on ISO 10993-5:2009 standard (Biological Evaluation of Medical Devices. Part 5: Tests for In Vitro Cytotoxicity) as a well-known, general purpose human cell line for initial biomaterial screening.^[@ref62]^ The results showed that the modifications did not alter the gelatin's inherent ability for cell attachment and proliferation. The cells attached and showed an elongated morphology after overnight culture under all gelatin-coating conditions (data not shown). In a prolonged culture, the cells became confluent in a week ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_001.pdf)).

### 3.5.2. Hydrogel Cell Culture of Fibroblasts {#sec3.5.2}

After successful cytocompatibility tests with gelatin modifications, the fibroblasts were cultured on top of the hydrazone cross-linked hydrogels listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} to study cell attachment and elongation. The fibroblasts were also encapsulated in the same hydrogels to study the cytocompatibility of the cross-linking reaction as well as viability and elongation under 3D conditions. Since gelatin has integrin binding sites and enzymatic cleavage sites, we hypothesized that the cells encapsulated in the hydrogels would be able to elongate in 3D. The initial cell response was examined after 3 days of culture and prolonged culture on day 7. Live/Dead staining was used to visually assess the viability and morphology of the fibroblasts, as shown in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}. The negative control F7-SPD is shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_001.pdf). On day 3, the cells were already highly elongated and even more so at day 7.

![Representative images of Live/Dead stained fibroblast cell cultures in all tested hydrogel formulations and both 2D and 3D culture conditions at the 3-day and 7-day time points. The 3D cultures were imaged in the middle of the hydrogel. Green indicates live cells and red indicates dead cells. Rows (a), (c), (e), and (g) are with lower magnification, and the scale bar length is 1000 μm; rows (b), (d), (f), and (h) are with higher magnification with a scale bar length of 200 μm.](am8b22343_0005){#fig5}

![Measured fibroblast viability percentage based on amount of live cells compared to amount of all cells, 4× magnification images. Error bars represent mean values ± standard deviation, *n* ≥ 3.](am8b22343_0006){#fig6}

As can be seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the fibroblast cells are predominantly alive under all tested conditions and at both time points (day 3 and day 7). First, this indicates that the chemical modification is not harmful to the cells and that the cross-linking reaction is efficient and does not leave too many unreacted aldehyde groups to affect cell viability after gelation. A few dead cells were present on day 3, but the number of live cells was much higher, as seen from the viability in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} being between 80 and 95% for all hydrazone cross-linked hydrogels. Although the initial cell numbers were the same, the cultures seemed more confluent on day 7, indicating cell proliferation. Second, the cells exhibited a high degree of elongation in all directions in 3D under all tested conditions. However, a normal widefield microscope does not convey the status of the cells in a large hydrogel sample but rather gives a snapshot of the culture at a certain position. A holistic view of the sample is critical when evaluating the quality of tissue development.^[@ref63]^ Therefore, we use OPT to visualize several cellular features in a label-free 3D system.^[@ref39]^ Here, we emphasized morphology and elongation as parameters of cytocompatibility ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Videos S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_002.mpg) and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_003.mpg)). Moreover, both the shape and distribution of the cells throughout the hydrogel can be viewed from various angles as shown in [Video S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_002.mpg). As can be seen with the F3-ADH hydrogel, a good proportion of the cells are elongated and uniformly distributed in 3D, indicating hydrogel homogeneity in composition and good diffusion of nutrient throughout.

![Bright-field OPT visualization of fibroblast cell culture under 3D hydrogel condition. (a) Single projection image of F3-ADH hydrogel, with highly elongated cells highlighted with arrows, (b) 3D reconstruction of the previous giving a view of the whole sample, (c) single projection image of negative control F7-SPD hydrogel, and (d) 3D reconstruction of the previous.](am8b22343_0007){#fig7}

As the cell morphology was well visible in the Live/Dead images, an additional phalloidin or immunocytochemical cytoskeleton staining was deemed unnecessary. The F4-6-CDH hydrogels seemed to have more elongated cells at the earlier time point, and even longer spindlelike cells were seen at the later time point compared with the F1-3-ADH hydrogels. This highly elongated cell morphology is typical for these WI-38 fibroblasts under 2D culture conditions on cell culture plastic.^[@ref64]^ Under 3D culture conditions and in normal cytocompatibility testing, this high degree of elongation is rarely seen. In fact, none of the gelatin-GG studies discussed in [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"} report similar elongation as observed here.^[@ref32],[@ref59],[@ref61]^ Elongation has been previously reported with mouse fibroblasts in the click-chemistry cross-linkable gelatin hydrogel,^[@ref51]^ and moderate polarization of human adipose stem cells has been reported in the GG-based hydrogel, if collagen is added.^[@ref50]^ Qualitatively estimating the amount of elongation shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} is magnitudes higher compared with either of those studies.^[@ref50],[@ref51]^ The elongation of human fibroblast cells on top of a GG microsphere surface modified with gelatin has been previously reported by Wang et al. 2008.^[@ref65]^ However, they did not encapsulate the cells inside the gel microspheres because of the complexity of the cross-linking process. In summary, we have achieved a higher degree of elongation and viability of human fibroblast cells in the encapsulated condition than has been previously reported. Thus, our GELA-GG hydrogel presents an exciting step toward 3D tissue development.

### 3.5.3. Hydrogel Cell Culture of Cardiomyocytes {#sec3.5.3}

Encouraged by the fibroblast results, we studied hiPSC-derived cardiomyocyte aggregates with the hydrogels. In our group, native gelatin coating is routinely used to culture these cells. Here, we compared the modified gelatin coatings and found that the cardiomyocytes recovered their spontaneously beating phenotype after overnight culture and continued the beating as long as they were cultured. As the beating was observed, there was no need for Live/Dead staining of the cardiomyocytes.

As no difference was observed between the compositions in the fibroblast culture, we chose to use the highest and lowest ADH-formulations and all CDH-formulations, as listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Phase contrast microscopy showed spreading and migration of the cells from the cardiomyocyte aggregates plated on top of the hydrogel, as seen in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The cardiac nature of the differentiated cells was verified by qPCR after 2 weeks in culture and by immunocytochemical staining after 1 week in culture, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. The expression of TNNT2 and ACTN2 on the protein level and the expression of these same markers plus MYBPC3 on the RNA level confirms the cardiac nature of our hiPSC-derived cells. The qPCR result in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a especially shows increased expression of TNNT2 in the 3D hydrogel culture compared to the 2D control, indicating positive cell response. Similarly, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d shows spreading of TNNT2 positive cells from the cell aggregate into the hydrogel.

![Microscope images of hiPSC-derived cardiomyocyte aggregates cultured under hydrogel conditions: (a) F1-ADH, (b) F3-ADH, (c) F4-CDH, and (d) F5-CDH. The scale bar length is 200 μm.](am8b22343_0008){#fig8}

![(a) Quantitative RT-PCR validation of cardiac specific genes expressed in hiPSC-derived cardiomyocytes cultured in the gelatin coating control, F5-CDH and F3-ADH. Shown are the expression levels of cardiac type troponin T2 (TNNT2), α-actinin 2 (ACTN2), and Myosin binding protein C (MYBPC3), relative to the housekeeping gene GAPDH. Standard deviations are from three biological replicates, each done in technical triplicate in qPCR. (b--d) Immunocytochemical staining of hiPSC-derived cardiomyocytes using red for TNNT2, green for ACTN2, and blue for DAPI. (b) 2D control on gelatin coating. (c) Aggregate 3D culture in F3-ADH. (d) Aggregate 3D culture in F5-CDH. The density of cell aggregate in F5-CDH slightly prevents antibody and fluorescent light penetration, causing blurriness in the image.](am8b22343_0009){#fig9}

The cardiomyocytes were also beating spontaneously under all tested conditions both on top of and encapsulated inside the hydrogels, as can be seen in [Videos S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_007.avi)--[S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_011.avi). This spontaneous beating is a strong indication of a positive cell response to the culture environment.

The recorded phase contrast videos of cardiomyocyte beating were analyzed with BeatView software that has already been successfully used for hiPSC-derived cardiomyocyte disease modeling in 2D.^[@ref11],[@ref40]^ The aggregate beating was not affected by the change of environment from a 2D natural gelatin coated surface to a chemically modified gelatin coating or by being on top of or encapsulated inside the gelatin-GG hydrogel, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. Cardiomyocytes cultured in the negative control F7-SPD hydrogel did not seem to attach on the hydrogel. They looked worse than in gelatin-GG conditions and did not beat. In the hydrogel culture condition [Videos S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_007.avi)--[S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_011.avi), it can be seen how the beating aggregate pulls the hydrogel with it. This observation confirms that suitable elasticity is required of the encapsulating hydrogel, otherwise the cells would be unable to manipulate their surroundings and would be entrapped inside a too rigid hydrogel network; see [Videos S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_007.avi)--[S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_012.avi). In the case of two individually beating aggregates in close proximity, this transfer of movement via the hydrogel can be detrimental for the analyzability of the beating. The main beating parameters are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The beating rate shows how many beats per minute (BPM) are recorded, and the contraction-relaxation duration is the length of a single beat (milliseconds). Between the contractions, the cell is at rest.

###### Contraction-Relaxation Durations and Beating Frequencies of the hiPSC-Derived Cardiomyocyte Aggregates Under All Tested Conditions, Analyzed with BeatView Software; *n* = 4

  material                  2D/3D   ratio[c](#t2fn3){ref-type="table-fn"} \[mg mL ^--1^\]   beating rate \[BPM\]   standard deviation                      contraction--relaxation duration \[ms\]   standard deviation
  ------------------------- ------- ------------------------------------------------------- ---------------------- --------------------------------------- ----------------------------------------- -----------------------------------------
  gelatin coating control   2D      100:0                                                   35.78                  ±20.41                                  568.60                                    ±127.10[a](#t2fn1){ref-type="table-fn"}
  GELA-ADH coating                  100:0                                                   42.35                  ±6.69                                   435.50                                    ±154.02
  GELA-CDH coating                  100:0                                                   35.60                  ±20.18                                  662.44                                    ±268.50[a](#t2fn1){ref-type="table-fn"}
  F7-SPD                    3D      0:100                                                   0                                                              0                                          
  F1--3-ADH                 2D      40:40                                                   36.71                  ±17.74                                  435.25                                    ±113.70
                                    40:20                                                   68.04                  ±17.01                                  305.21                                    ±65.13
                            3D      40:40                                                   72.10                  ±15.14                                  264.14                                    ±41.97
                                    40:20                                                   52.70                  ±47.60                                  474.59                                    ±303.62[a](#t2fn1){ref-type="table-fn"}
  F4--6-CDH                 2D      60:60                                                   38.63                  [b](#t2fn2){ref-type="table-fn"}        423.74                                    [b](#t2fn2){ref-type="table-fn"}
                                    60:40                                                   37.73                  ±2.78[b](#t2fn2){ref-type="table-fn"}   434.34                                    ±38.96[b](#t2fn2){ref-type="table-fn"}
                                    40:40                                                   41.56                  ±5.33                                   393.14                                    ±63.67
                            3D      60:60                                                   35.77                  ±7.00                                   403.68                                    ±44.01
                                    60:40                                                   37.99                  ±6.50                                   452.44                                    ±32.85
                                    40:40                                                   33.82                  ±3.02                                   491.88                                    ±15.65

Major prolongation in contraction--relaxation interval detected in one sample.

Elasticity of hydrogel transferring movement over a long distance interferes with the beating analysis; so only one or two aggregates were analyzed successfully.

Ratio of gelatin to GG.

The beating behavior observed here is typical for hiPSC-derived cardiomyocytes produced with this differentiation method.^[@ref66]^ The beating frequency remained at ∼30 to 70 BPM, regardless of whether the aggregate was cultured on the standard unmodified gelatin coating, on the modified gelatin coating, on top of the hydrogels, or encapsulated inside the hydrogels. Culturing cardiomyocytes in the 3D-engineered heart tissue has been shown to cause their electrophysiology to have a higher resemblance to the real situation in the body.^[@ref15]^ However, the method uses a very weak hydrogel substrate based on Matrigel and relies on the cell's ECM production during the differentiation.^[@ref15]^ Our hydrogel, on the other hand, is strong enough to be handled with tweezers. Subsequently, we can use cells differentiated with any method and move them to hydrogel culture once they start beating, and they recover the beating already after 24 h. The previously discussed Biowire method is a relevant option for cardiomyocyte 3D culture. The method is, however, impeded by the mechanical weakness of Matrigel and greatly constrained by the mold shape.^[@ref16]^ Both of these methods would benefit from replacing the Matrigel-based substrate with our cardiomimetic gelatin-GG hydrogel.

One hurdle to overcome when developing 3D disease modeling is the maturation of hiPSC-derived cardiomyocytes.^[@ref67]^ It has been demonstrated that current differentiation protocols produce cardiomyocytes that resemble the fetal human heart in gene expression as well as on the structural and functional level.^[@ref67],[@ref68]^ There is a multitude of strategies that are aimed at maturing cardiomyocytes. These range from mechanical and electrical stimulations to simply longer culture times.^[@ref67]^ However, the physical cues from the ECM are one potential strategy that we would like to further explore in future. The correct stiffness of the culture substrate as well as its topography can provide cues that can aid the maturation process.^[@ref48],[@ref67]−[@ref69]^ As proven by compression testing ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), our hydrogels have a biomimicking elasticity that is comparable with the heart tissue. These hydrogels are a promising tool for testing cardiomyocyte maturation. Even though gelatin-ADH-GG hydrogels had a significantly lower strain-hardening effect than gelatin-CDH-GG hydrogels, the beating and mechanotransduction of the cells occur at lower strains and thus make all hydrogel compositions equally promising in this regard.

4. Conclusions {#sec4}
==============

The current trend in the development of disease models is toward transitioning from 2D cultures to the more biomimicking 3D cultures. This opens up possibilities for studying more tissuelike cellular interactions instead of only studying individual cells. We conclude that the hydrogels based on gelatin-ADH-GG and gelatin-CDH-GG presented in this study are suitable candidates for cardiac TE and 3D cardiac disease modeling. Hydrazide modification of gelatin and oxidation of GG facilitate spontaneous covalent bonding between the polymers. This aids the rapid gelation with homogeneous cross-link distribution under mild conditions suitable for the 3D encapsulation of cells. The stress--strain behavior of hydrogels based on gelatin-CDH very closely resembles the ex vivo heart tissue. The hydrogels enable cell attachment, spreading, and elongation in the encapsulated 3D culture, demonstrated first with human fibroblasts. The hiPSC-derived cardiomyocyte aggregates exhibit normal phenotypical beating behavior when plated on top of or encapsulated inside the hydrogel. On top of the hydrogel, the cardiomyocyte aggregates attached, and cell spreading and migration out of the aggregate were observed. The beating can then be quantitatively analyzed from simple phase contrast microscopy videos with BeatView software, as shown here. The beating analysis shows that cells retain their normal beating characteristics when moved from differentiation in 2D culture to 3D hydrogel culture. No significant biological difference was noticed between the formulations based on gelatin-ADH and gelatin-CDH. Overall, the results suggest the suitability of these gelatin-GG hydrogels with tunable properties for 3D soft tissue modeling and specifically to develop cardiac disease models.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.8b22343](http://pubs.acs.org/doi/abs/10.1021/acsami.8b22343).FTIR spectra of GG-CHO compared to unmodified GG; Live/Dead micrographs of fibroblast grown on gelatin-ADH, gelatin-CDH, and unmodified gelatin coatings as well as negative control 3D fibroblast cell culture in F7-SPD composition; and table of the used TaqMan assays for qRT-PCR ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_001.pdf))Reconstruction of bright-field OPT imaging of cultured fibroblasts encapsulated in GELA-ADH-GG 40:20 hydrogel ([MPG](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_002.mpg))Reconstruction of bright-field OPT imaging of cultured fibroblasts encapsulated in the negative control SPD cross-linked GG hydrogel ([MPG](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_003.mpg))Beating hiPSC-derived cardiomyocytes on control gelatin coating ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_004.avi))Beating hiPSC-derived cardiomyocytes on gelatin-ADH coating ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_005.avi))Beating hiPSC-derived cardiomyocytes on gelatin-CDH coating ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_006.avi))Beating hiPSC-derived cardiomyocytes in F1-ADH hydrogel culture conditions ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_007.avi))Beating hiPSC-derived cardiomyocytes in F3-ADH hydrogel culture conditions ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_008.avi))Beating hiPSC-derived cardiomyocytes in F4-CDH hydrogel culture conditions ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_009.avi))Beating hiPSC-derived cardiomyocytes in F5-CDH hydrogel culture conditions ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_010.avi))Beating hiPSC-derived cardiomyocytes in F6-CDH hydrogel culture conditions ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_011.avi))Nonbeating hiPSC-derived cardiomyocytes in negative control F7-SPD hydrogel culture conditions ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22343/suppl_file/am8b22343_si_012.avi))
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